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A B S T R A C T
This paper aims to study the performance of asphalt concrete in which some of the
fractional ﬁne aggregate is substituted with crushed glass material. This asphalt
containing glass cullet as an aggregate is called ‘‘glasphalt’’ and has been used as a
means of disposing surplus waste glass since the 1960s. In this study, some important
dynamic properties of glasphalt, including fatigue life, stiffness modulus and creep
compliance, are investigated. The data show that the dynamic properties of glass–asphalt
concrete are improved in comparison with ordinary asphalt concrete. The research has
demonstrated that it is feasible to use and recycle waste glass in asphalt concrete.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY license (http://creativecommons.org/licenses/by/3.0/).1. Introduction
Numerous waste materials result from manufacturing operations, service industries, sewage treatment plants,
households and mining. Performance of building materials is one of the most important aspects that engineers must
consider. Glass is a non-metallic and inorganic material made by sintering selected raw materials, so it can be neither
incinerated nor decomposed. Glass recycling can save energy and decrease environmental waste. A focus on glass recycling
technology will widen the application domain of waste glass and promote further development of glass techniques. Nearly
ten million tons of waste glass is generated in metropolises every year, about 3–5 wt% of the domestic waste (Wu et al.,
2004). In glassphalt, ﬁne aggregate is substituted with crushed glass material. Glass materials are brittle and rich in silicon, so
the key technical indexes of glass–asphalt concrete are strength and resistance to water damage (Wu et al., 2004). Asphalt
pavements containing 10–15% crushed glass in surface course mixtures have been observed to perform satisfactorily. The
maximum size of crushed glass commonly accepted (considering a range of engineering properties, including safety issues)
for that application is 4.75 mm. Glass in asphalt of higher content and larger size is reported to have resulted in a number of
problems such as insufﬁcient friction and bonding strength, and is thus considered more suitable for use in lower courses. An
anti-strip agent, typically 2% hydrated lime, is added to retain the stripping resistance. In practice, the same manufacturing
equipment and paving method used for conventional asphalt can be used for asphalt containing recycled glass (Huang et al.,
2007). The initial applications of glasphalt took place in constructed test roads with glasphalt to testify the water stability of
pavements. From 1990 to 1995, the total amount of glasphalt in New York reached about 250 thousand tons. Until now, there* Corresponding author. Tel.: +98 231 3354302.
E-mail address: Ghshafabakhsh@semnan.ac.ir (G.H. Shafabakhsh).
http://dx.doi.org/10.1016/j.cscm.2014.05.002
2214-5095/ 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/
3.0/).
Fig. 1. Crack growth due to trafﬁc load stress.
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China (Wu et al., 2004).
A study on the dynamic characteristics of asphalt mixtures containing waste glass aggregates and conventional asphalt
concrete mixtures showed an increase in the stiffness modulus of glass–asphalt pavements in comparison with conventional
asphalt-mix. Four percent of hydrated lime was used as an anti-stripping agent additive, and the results were compared with
those of a specimen without anti-stripping. The stiffness modulus of the glass–asphalt mixtures with hydrated lime showed
considerable increase in comparison with other specimens (Arabani and Mirabdolazimi, 2009; Arabani, 2011).
Flexible pavements are the most common pavement structure. Scientists and engineers are constantly trying to improve
the performance of asphalt pavements (Maherz et al., 2005). As bitumen is a viscoelastic binding material, viscoelastic
properties can also be found in the bituminous mixtures. One explanation for the phenomenon of rutting in pavement
surfaces is the viscoelastic properties of the pavement structures. Creep analysis can be used to describe the viscoelastic
properties in bituminous mixtures. Creep involves time-dependent deformation under constant compressive stress and
temperature level. A bituminous mixture is loaded with a constant load, and the response of vertical deformation is
measured (Tjan and Adrian, 2003). In a ﬂexible pavement structure, there is a creep phenomenon. The phenomenon
is accelerated by increases in stress and temperature. The creep property of a bituminous mixture (i.e., creep compliance) is
very important when predicting rut depth in ﬂexible pavement structures due to trafﬁc loading. The standard creep test
is the application of constant stress (or load) to bituminous mixture; deformation is then recorded as a function of the
amount of time the load is applied. For pavement structures, it is more realistic if the strain formulation is expressed for
various stress and temperature levels (Tjan and Adrian, 2003). Stiffness modulus is the ratio of stress under uniaxial
loading conditions and is analogous to young modulus of elasticity. Since asphalt mixtures are sensitive to temperature
and loading time, this alternative terminology is used since stiffness modulus is also a function of these parameters
and is therefore not a constant for a particular material (Arabani et al., 2006a,b). Reﬂective cracks destroy surface
continuity, decrease structural strength, and allow water to enter sub-layers. Thus, the problems that weakened the old
pavement extend into the new overlay. The cracking in the new overlay surface is due to the inability of the overlay to
withstand shear and tensile stresses created by the movements of the underlying pavement. This movement may be
caused by either trafﬁc loading (tire pressure) or thermal loading (expansion and contraction). Fatigue-associated
cracking occurs when shear and bending forces due to heavy trafﬁc loading create stresses that exceed the fracture
strength of the asphalt overlay (Fig. 1); this is a structural stability problem. Instability in asphalt cement concrete
pavement is typically characterized by a series of closely spaced, multidirectional fatigue cracks (Glasgrid Technical
Manual, 2002).
The deformation potential of a material under load is evaluated by stiffness modulus, which is the relationship between
stress and strain, and is directly affected by some qualities of the material and the conditions under which the experiment is
conducted, such as load-spreading ability of the material used as reinforcement, and the temperature and speed with which
load is applied (Arabani & Kheiry, 2006a).
In this study, some important properties of glassphalt, including fatigue life, stiffness modulus and creep compliance
under dynamic loading conditions, are evaluated. Sensitivity to temperature and the relationship between fatigue life and
stiffness modulus are also investigated for glass asphalt specimens.
2. Experimental
2.1. Materials
The aggregate gradation in this experimental work (Arabani et al., 2007) is shown in Table 1.
In this experimental investigation, a neat bitumen 60/70-penetration grade from Isfahan mineral oil reﬁnery was used.
Bitumen properties are shown in Table 2.
The glass cullet gradation used in this experimental work is shown in Table 3.
Table 2
Properties of bitumen used in this study.
Property Value
Penetration (100 g, 5 s, 25 8C), 0.1 mm 66
Ductility (25 8C, 5 cm/min), cm 112
Weight loss, % 0.75
Softening point, 8C 51
Flash point, 8C 262
Density (25 8C) 1.02
Degree of purity, % 99
Table 1
Gradation of aggregates of hot mix asphalt layer to Topeka.
Sieve size 0.075 mmMillimeter
(number 200)
0.3 mm
(number 50)
2.36 mm
(number 8)
4.75 mm
(number 4)
9.5 mm
(number
3.8 inch)
12.5 mm
(number
1.2 inch)
19 mm
(number
3.4 inch)
25 mm
(number
1 inch)
Type of
gradation
Passing (%)
Topeka 2–10 5–21 28–58 44–74 – 90–100 100 –
Table 3
Gradation of aggregates of glass particles used in this study.
Sieve size #4 #8 #16 #30 #50 #100 #200
Passing (%) 100 63 42 27 14 9 2
G.H. Shafabakhsh, Y. Sajed / Case Studies in Construction Materials 1 (2014) 96–103982.2. Sample preparation
The basic experimental approach of this research is focused on the investigation of the properties of glass cullet reinforced
bituminous mixes. Standard laboratory tests for this research were used, namely, the Marshall Test (ASTM D1559-89), the
indirect tensile modulus test (IDT-ASTM D4123-82), the dynamic creep test performed according to the Shell procedure and
the repeated load indirect tensile test (fatigue test). Testing was conducted using the standard Marshall Apparatus. IDT and
fatigue tests were conducted at temperatures of 5, 25 and 40 8C, while the creep test was performed at a temperature of 25 8C
(Haghi et al., 2005). A maximum glass particle size of 4.75 mm was chosen, and four glass contents were used: 0, 5, 10, 15 and
20% in terms of total aggregate weight. The binder content of 4.5–6.5% was used for all of the mixtures. Hydrated lime
additives (for anti-stripping) were used to improve the resistance of the asphalt mixtures to water damage.
2.3. Methodology
The mechanical properties of the asphalt mixtures have been measured using the suite of tests (stiffness modulus,
resistance to permanent deformation and resistance to fatigue cracking) possible with the Nottingham Asphalt Tester (Airey
et al., 2004).
2.3.1. Indirect tensile stiffness modulus (ITSM) test
The stiffness modulus is determined by the use of the indirect tensile stiffness modulus (ITSM) test, repetitive triaxial
tests and sometimes repeated load uniaxial (Huang, 2002; Abbas, 2004). In this study, the ITSM test was used to determine
the stiffness modulus of asphalt concrete mixtures. The test was conducted under a dynamic load of 0.6 kN at a frequency of
0.33 Hz. The load is applied vertically in the vertically diametral plane of a cylindrical specimen of asphalt concrete. A value
of 0.35 for Poisson’s ratio is found to be reasonable for asphalt mixtures at about 25 8C in accordance with D4123-ASTM, so
vertical deformation is not required (ASTM, 2000). Each specimen was tested twice by rotating it approximately 908 and
repeating the same test after a 2-h recovery period (Arabani and Kheiry, 2006a,b).
2.3.2. Indirect tensile fatigue test (ITFT)
The indirect tensile fatigue test is a simple and effective method that is widely used (Wong et al., 2004). The ITFT tests
were performed using the following test parameters: specimen diameter: 100 mm; specimen height: 40 mm; loading
condition: controlled stress; loading rise-time: 124 ms; load pulse rate: 40 pulses/min (1500 ms between pulses) and failure
indication: 9 mm vertical deformation. The fatigue performance of the asphalt mixture was evaluated using the following
two fatigue parameters based on the fatigue function obtained for the mixtures: strain at 106 cycles (micro strain), and
fatigue cycles at 100 mm strain. The constant stress type of loading is applicable to thicker pavement. Both stress and strain
are greater in the constant stress test, so constant stress is used more conservatively (Airey, 2004).
G.H. Shafabakhsh, Y. Sajed / Case Studies in Construction Materials 1 (2014) 96–103 992.3.3. Creep test
In this study, asphalt samples with a diameter of 100 mm and a height of 70 mm were tested for creep test. The asphalt
samples used in the creep test are kept in an environmentally protected storage area (an enclosed area not subject to the
natural elements) at temperatures between 5 and 24 8C (40 and 75 8F). Creep compliance is determined by applying a
dynamic compressive load of ﬁxed magnitude along the diametral axis of a cylindrical specimen. The vertical deformation is
measured by two LVDTs. Loads are selected to keep the material’s response in the linear viscoelastic (LVE) range. This is
accomplished by keeping the horizontal deformation below 0.089 mm (0.0035 in). Vertical deformation is measured in the
central region of the specimen, away from the localized stress concentration caused by the loading conditions (FHWA, 2001).
3. Results and discussion
The variations of the stiffness modulus of asphaltic samples that include different percentages of waste glass cullet with
different percentage of bitumen content are shown in Fig. 2.
This ﬁgure demonstrates that changes in the measure of bitumen content create sizable differences in the stiffness
modulus of asphaltic samples that include waste glass cullet. As the percentage of glass increases, the measure of the
stiffness modulus of modiﬁed asphalt increases too. But with pass of optimum measure of glass the stiffness modulus of
asphaltic samples decrease. This trend in total of percentages of bitumen content is existing. Due to that waste glass cullet
has no suction; the trend does not extend to measuring the stiffness modulus of asphaltic samples including waste glass
cullet with different percentage of bitumen content. Glass particles do not absorb any bituminous material, so it is necessary
to decrease the bitumen content with the addition of glass cullet. According to Fig. 2 and the results of the Marshall tests, the
optimum bitumen measures decrease signiﬁcantly in samples that include higher percentages of waste glass cullet. As the
percentage of optimum bitumen content is 1% more in samples without waste glass cullet in comparison with saphaltic
samples that include 20% waste glass cullet. The stiffness modulus of asphaltic samples that include waste glass cullet
increased due to additional interlocking between the aggregate and the angularity of particles of glass cullet content. The
increase in the intrusive friction angle because of the glass particles’ increased angularity is the main reason for the addition
of the stiffness modulus of asphaltic samples that include waste glass cullet. But as the percentage of glass content reaches
greater than 15%, the particles’ abundance cause slip these particles on together. The stiffness modulus of samples decreases
as the percentage of glass cullet increases. The variations in the stiffness modulus of asphaltic samples that include different
percentages of waste glass cullet at different temperature are shown in Fig. 3.
The percentages of obtained optimum bitumen on the Marshall Tests results for any percentage of glass cullet are used.
According to Fig. 3, increases in temperature result in decreases in the stiffness modulus of asphaltic samples. This reduction
trend in sample is due to the increased sensitivity of the bitumen content used. Samples that include 15% waste glass cullet at
a given temperature specialty result in the greatest stiffness modulus. Variations of axial strain percent versus time in
conventional asphalt samples and glasphalt samples with different percentages waste glass cullet is shown in Fig. 4.
According to Fig. 4, it can be seen that the added waste glass cullet to asphalt has had a great impact on the performance of
the time-dependent deformation. According to Fig. 4, it can be seen that the rate of increase axial strain in conventional
asphalt samples in comparison with glasphalt samples with Topeka aggregation grew by about 47 percent. According to the
results of laboratory tests and analyze results with the help of software Minitab 15 behavioral models to predict the behavior
of conventional and modiﬁed asphalt samples versus time-dependent deformation is presented. Permanent deformation
behavior of asphalt samples containing different percentages of glass cullet versus time is shown in Fig. 5.Fig. 2. Stiffness modulus versus bitumen content.
Fig. 4. Variations of axial strain percent versus time in glasphalt samples with Topeka aggregation.
Fig. 3. Stiffness modulus versus temperature.
Fig. 5. Permanent deformation behavior model of asphalt samples containing different percentages of glass cullet versus time.
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Fig. 6. Strain versus number of cycle.
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strictly leads to higher resistance against permanent deformation and rutting. Also the optimal amount of additives is visible
in this ﬁgure. When the value of percentage of waste glass cullet reaches its optimum value, it reduces the permanent
deformation of glasphalt samples because of better interlock.
The strain measures versus number of cycles in samples that include different percentages of waste glass cullet are shown
in Fig. 6.
According to Fig. 6, additional strain loading cycles in the samples with different percentage of glass cullet did not show a
uniform trend. The samples that did not have increased amounts of glass cullet have superior strain, but the strain in
asphaltic samples that include different percentages of glass cullet tend to remain even. With the application of more cycles,
the strain of samples that include less glass cullet is increased. This is a result of the inﬂuence of more angularity and a fuller
structure texture in samples with a greater percentage of glass cullet. With the addition of more glass cullet particles, strain
measures increase in samples that include greater than 15% glass cullet. According to Fig. 6, cracks due to fatigue in samples
that include a low percentage of glass cullet can occur far earlier. Retardation in crack creation in samples that include more
glass cullet occurs because of increased bonding among aggregate and glass cullet, which allows the creation of one crack in
the micron scale to prevent extending to a greater depth. The values of cycle content that induce fracture and ﬁnal strains due
to this system of cycle versus temperature are shown in Fig. 7.Fig. 7. Number of cycle versus temperature.
Fig. 8. Fatigue behavior of simple and modiﬁed asphalt.
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This may be because of the inﬂuence of temperature on the stiffness modulus measure of asphaltic samples, which causes
samples resistance against application of loadings to increase. The inﬂuence of the slip property of glass cullet particles can
be increased in the measured strain of asphaltic samples. The fatigue model for samples that include waste glass cullet and
those that do not at temperatures of 5, 25 and 40 8C is shown in Fig. 8.
This model shows that the dynamic properties of glass–asphalt concrete can be improved in comparison with those of
ordinary asphalt concrete.
4. Conclusion
As mentioned previously, the objective of this research was to advance understanding of the dynamic properties of HMA
via laboratory and computational studies and convey the results in a form that can be utilized for predicting the behavior of
ﬂexible pavements. The modiﬁcation of asphalt layers with glass cullet can be used to inhibit rutting phenomena and fatigue
cracking as follows:
The stiffness modulus of samples that include a greater percentage of glass is decreased. Superior interlocking and greater
roughness of glasphalt samples causes an increase in the stiffness modulus in samples that include waste glass cullet.
The dynamic properties of glass–asphalt concrete can be improved in comparison with those of ordinary asphalt
concrete.
Increasing the amount of glass cullet reduces permanent deformation of asphalt samples. The stiffness modulus reduces
these deformations. Factors such as better interlock between aggregates with more coarse particles of glass cullet reduce the
amount of deformations gradually. Increasing the percentage of glass cullet more than optimal value increases the
permanent deformation of glasphalt samples.
The overall conclusions of this research indicate that waste glass cullet can have a positive effect on the dynamic behavior
of asphaltic pavement.
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